Buprenorphine is being introduced as a maintenance therapy in opioid addiction, but it is not clear how buprenorphine will affect co-use of cocaine in opioid users. We examined the effects of chronic buprenorphine (BUP0: 0.0 mg/kg/day; BUP1.5: 1.5 mg/kg/day; BUP3: 3.0 mg/kg/day) on the locomotor activity effects of acute heroin (0.25 mg/kg, subcutaneously (s.c.)) and cocaine (20 mg/kg, intraperitoneally (i.p.)). Buprenorphine had no effect on the stimulatory effect of heroin, but potentiated the locomotor response to cocaine. To investigate further the interactions between buprenorphine (BUP1.5 and BUP3), heroin (0.125, 0.25 and 0.375 mg/kg, s.c.), and cocaine (10, 20 and 30 mg/kg, i.p.), we used in vivo microdialysis and high-performance liquid chromatography to analyze extracellular levels of dopamine (DA) in the nucleus accumbens (NAc). Buprenorphine attenuated the heroin-induced rise in NAc DA, but greatly potentiated the cocaine-induced rise. Finally, we examined the potential of the highest dose of buprenorphine (BUP3) to reduce heroin and cocaine seeking in the presence of drug-associated cues under extinction conditions and in tests for reinstatement induced by heroin (0.25 mg/kg, s.c.), cocaine (20 mg/kg, i.p.), and 15-min footshock stress (0.8 mA, 0.5 s/shock, 40 s mean OFF time) in rats trained to selfadminister both drugs. Buprenorphine reduced heroin and cocaine seeking during extinction and following acute heroin and cocaine priming injections, but had no effect on stress-induced reinstatement. These results indicate that the suppression of responding following priming injections of drugs did not result from reduced motor activity, but possibly from a reduction in the salience of drug-associated cues induced by chronic buprenorphine treatment.
INTRODUCTION
Co-abuse of cocaine by patients receiving treatment for opioid addiction often compromises the success of the pharmacological strategies. Cocaine use during treatment reduces retention rates and increases use of illicit drugs, reducing the effectiveness of the maintenance treatment drugs (Guichard et al, 2003; Kosten et al, 1987 Kosten et al, , 1988 Leri et al, 2003; Schottenfeld et al, 1993 Schottenfeld et al, , 1997 Tassiopoulos et al, 2004) . Thus, it is important to know how pharmacological treatments for opioid addiction interact with the response to cocaine and opioids and to the effects of cues associated with the self-administration of these drugs.
To date, the two opioid drugs most often in use in maintenance treatments are methadone and buprenorphine (Gonzalez et al, 2004; Kleber, 2003; Kosten, 1990; Krantz and Mehler, 2004) . Both are agonists at the mu opioid receptor, though there are fundamental differences in their actions. Methadone is a full mu opioid receptor agonist, whereas buprenorphine is a partial mu agonist with antagonist effects at the delta and kappa opioid receptors (Gonzalez et al, 2004; Tzschentke, 2002; Walsh and Eissenberg, 2003) . Studies of the treatment effectiveness of maintenance doses of buprenorphine are few compared to those of methadone, and the results are mixed. However, on measures of retention rates and illicit opioid use, buprenorphine has been found to be as effective as, or better than, methadone when prescribed at higher doses (8-16 mg/day) (Foltin and Fischman, 1996; Johnson et al, 1992; Kosten et al, 1988; Ling et al, 1996; Schottenfeld et al, 1997; Strain et al, 1994a Strain et al, , b, 1996 , whereas lower dose regimens (2-4 mg/ day) are less effective (Greenwald et al, 2002; Ling et al, 1998; Montoya et al, 2004) . Furthermore, there are reports that buprenorphine maintenance reduces craving for cocaine (Foltin and Fischman, 1996) and, to varying degrees, reduces cocaine consumption as measured by urine analysis in human opioid addicts (Johnson et al, 1992; Kosten et al, 1988; Ling et al, 1996; Schottenfeld et al, 1997; Strain et al, 1994a Strain et al, , b, 1996 . In monkeys trained to selfadminister cocaine, heroin or heroin-cocaine 'speedball,' daily injections of buprenorphine have been found to reduce intake (Lukas et al, 1995; Mello and Negus, 1998; Mello et al, 1992 Mello et al, , 1993 without changing the intake of food or sweetened fluid.
Many drugs of abuse increase extracellular dopamine (DA) in terminal regions including the nucleus accumbens (NAc), though by somewhat different mechanisms (Di Chiara and Imperato, 1988) . As mentioned, buprenorphine is an agonist at the mu opioid receptor; it has low intrinsic activity, high affinity, and slow dissociation from the receptor (Tzschentke, 2002; Walsh et al, 1994) . Mu opioid agonists are thought to activate receptors on GABA interneurons in the ventral tegmental area (Garzon and Pickel, 2001) , releasing DA neurons from inhibition and increasing firing rates. On the other hand, cocaine acts primarily to block the DA transporter reducing DA reuptake at terminals, thereby increasing extracellular levels of DA (Gysling and Wang, 1983; Matthews and German, 1984; Ritz et al, 1988 Ritz et al, , 1990 Rothman and Baumann, 2003 ; for a review, see Nestler, 2004) . Consequently, it has been found in experiments using acute injections that both buprenorphine (0.01 mg/kg) and cocaine (5.0 mg/kg) increase extracellular levels of DA in the nucleus accumbens in rats (each approximately 180% of the baseline). As might be expected, an acute injection of buprenorphine given with an acute injection of cocaine produced an increase in DA in the NAc that was higher (approximately 260% of baseline) than that produced by that particular dose of either drug alone. This synergism was also reflected in the reinforcing effects of these drugs when they were administered together during the conditioning of a place preference (Brown et al, 1991) . It is not clear how these results from studies using acute injections of buprenorphine can be related to those using chronic treatment with buprenorphine in human opioid addicts and in monkeys trained to self-administer opioids and cocaine. Interestingly, however, there is one report that twice daily injections of buprenorphine, which might be considered to be chronic treatment, attenuated the development of a cocaine conditioned place preference (CPP) (Kosten et al, 1991) . As pointed out by Tzschentke (2004) , however, the lack of CPP under such a regime might result from the fact that the dose used by Kosten and colleagues (0.5 mg/kg, twice daily) has been shown to produce a CPP on its own, thus confounding the establishment of the cocaine CPP; rats placed in the saline paired compartment would remain under the influence of a putatively rewarding dose of buprenorphine.
In this paper, therefore, we sought to resolve some of these issues by asking whether and how chronic treatment with buprenorphine alters the behavioral and neurochemical response to heroin and cocaine in naïve rats and drug seeking in rats trained to self-administer both heroin and cocaine. Spontaneous drug seeking was studied in extinction and in reinstatement of drug seeking induced by heroin, cocaine, and footshock stress. Buprenorphine was administered chronically through in-dwelling osmotic minipumps, allowing for continuous stable exposure to the drug for the duration of testing. In the first set of experiments, we studied the effects of acute injections of heroin and cocaine on locomotor activity and extracellular levels of DA in the NAc in rats with and without buprenorphine minipumps. These experiments helped to determine the dose to be used in the second set of experiments in which rats were trained to self-administer both heroin and cocaine. Following training, we studied heroin and cocaine seeking under chronic treatment with buprenorphine via minipump in two separate conditions: during extinction and in tests for reinstatement.
MATERIALS AND METHODS

Subjects
The subjects were 107 male Long-Evans rats (350-375 g, Charles River, St Constant, QC), housed singly in hanging wire cages in a reverse light-dark cycle room (light onset 2000 h, offset 0800 h). The rats had food (Rat Chow, Purina Foods) and water ad libitum for the duration of the experiment. Testing was conducted during the dark cycle between 0800 and 1700 h. All experimental procedures followed the guidelines of the Canadian Council on Animal Care and were approved by the Animal Care Committee at Concordia University.
SurgeryFOsmotic Minipumps
Chronic exposure to buprenorphine was achieved through the use of osmotic, buprenorphine-filled minipumps implanted subcutaneously (s.c.). Rats were anesthetized using Isoflurane (Vetoquinol NA Inc., Lavaltrie, QC) and a small incision was made between the scapulae. Using a hemostat, a small pocket was created by separating the connective tissues under the skin. Once the pocket was formed, osmotic buprenorphine-filled minipumps (Alzet model 2ML2, Durect Corp., Cupertino, CA) were implanted with the flow modulator pointed away from the incision to avoid leakage of the drug. The incision was closed using wound clips. Pumps were removed under anesthesia using the same surgical methods. In the case of the 0 mg/kg/day buprenorphine (BUP0) rats, the same surgical procedures were employed, with the exception of the insertion of a pump (ie an incision and pocket were made and the wound was clipped following surgery).
SurgeryFIntracranial Cannulation
The rats were anesthetized with sodium pentobarbital (Somnotolt, MTC Pharmaceuticals, Cambridge, ON; intraperitoneally (i.p.)) and then unilateral stainless steel 20-gauge cannula (Plastics One, Roanoke, VA) were implanted aimed at the NAc (AP þ 1.6 mm, ML þ 2.8 mm, DV À5.5 mm from bregma) at an angle of 101 in order to avoid extensive damage to the ventricle above the NAc, while maximizing the surface area of the probe within the NAc. Cannula were cemented in place with dental acrylic and the rats were placed in recovery following an injection of penicillin (Pen G, Vetoquinol, Lavaltrie, QC; intramuscularly (i.m.)) and Ketoprofen.
SurgeryFIntravenous Catheterization
For the self-administration and reinstatement experiment, the rats had intravenous catheters implanted in the right jugular vein. The rats were anesthetized with sodium pentobarbital (Somnotolt, i.p.) and given an s.c. injection of atropine sulfate (MTC Pharmaceuticals, Cambridge, ON) prior to surgery. The silastic (Dow Corning, Midland, MI) catheters were implanted and secured to the right jugular vein with silk sutures and passed s.c. to the top of the skull, where it was attached to a modified plastic cannula (Plastics One, Roanoke, VA) and fixed with jeweler's screws and dental cement to the skull surface. A plastic blocker was placed over the opening of the cannula (Tygont Tubing, Fisher Scientific, Montreal, QC) and protected from the rat with a metal cap. Following surgery, rats were injected with penicillin to prevent infection and Ketoprofen as postsurgery pain management. The blocker and cap were left in place at all times except when the rats were participating in self-administration, extinction, or reinstatement sessions. On every second day, following the self-administration sessions, the rats were flushed with 0.2 mg/ml heparinsaline solution (ICN Biomedicals, Cleveland, OH).
Apparatus
Locomotor activity boxes. Locomotor activity was assessed in a bank of 12 activity boxes. Boxes were constructed of white pressed wood on three walls and clear Plexiglas for the front wall (20 Â 41 Â 25 cm 3 , custom-made, Concordia University). The top of the box was constructed of wire mesh, while the floor was evenly spaced stainless steel tubing. Two photocell pairs, positioned 3.5 cm from the floor, were located along the front and back walls of the chamber and provided a measure of horizontal locomotion. The bank of activity boxes was isolated in a room that was left in complete darkness for the duration of the testing. The photocells were connected, through a wall port, to a computer located in an adjacent room that ran the custom-made software.
Microdialysis and High-Performance Liquid Chromatography
Four hexagonal chambers were used for microdialysis. Each chamber (42 Â 39 Â 33.5 cm 3 , custom-made, Concordia University) consisted of Plexiglas walls with wooden ceilings and stainless steel grid floors. They were individually housed in wooden cubicles and lighting was provided on a reverse cycle by overhead lights.
Microdialysis probe. The dialysis probe (HRS Scientific, Montreal, QC) consisted of a 2.5 mm length of semipermeable dialysis membrane (Fisher Scientific, 240 mm OD, 13 000 MW cutoff), closed at one end and attached to a 21 mm long, 26-gauge piece of stainless steel tubing. The flared end of a 40-50 cm long piece of PE tubing connected one end of the stainless steel shaft to a single-channel liquid swivel (HRS Scientific, Montreal, QC) stationed above the testing chamber that was, in turn, connected to a variable speed electric syringe infusion pump (Harvard Apparatus, South Natick, MA). Small-diameter fused silica tubing extended internally through the probe, with one end resting 0.5 mm from the tip of the probe and the other end exiting the PE tubing 35 cm below the infusion swivel. The opposite end of the silica tubing was attached to the PE tubing near the liquid swivel with a masking tape in order to attach the sample collection vials. The probe was secured in place by stainless steel collars that were screwed onto the guide cannula. The external length of the PE tubing was protected from chewing by a steel spring casing. The probes were inserted the day before the beginning of microdialysis testing. To prevent occlusion, artificial CSF (145 mM Na þ , 2.7 mM K þ , 1.2 mM Ca 2 þ , 1.0 mM Mg 2 þ , 150 mM Cl À , 0.2 mM ascorbate, 2 mM Na 2 HPO 4 , pH 7.4 þ 0.1) was perfused overnight at a rate of 0.03 ml/min.
High-performance liquid chromatography. A 10 ml volume of dialysate was extracted from each sample and analyzed immediately using one of two similar HPLC systems with electrochemical detection (HPLC-EC). The samples were loaded onto C-18 reverse-phase columns (5 mm, 15 cm) through manual injection ports (Reodyn 7125; 20 ml loop); reduction and oxidation currents for DA and its metabolites (dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 5-hydroxyindole acetic acid (HIAA)) were measured with dual-channel ESA coulometric detectors (Coulochem III, with a model 5011 analytical cell). The currents for DA were measured independently of those for DOPAC, HVA, and HIAA using separate channels of the Coulochem detectors. The mobile phases (20% acetonitrile, 0.076 M SDS, 0.1 M EDTA, 0.058 M NaPO 4 , 0.27 M citric acid, pH 3.35) were circulated through each closed system at a flow rate of 1.1 ml/min by Waters 515 HPLC pumps. The peaks obtained for DA, DOPAC, HVA, and HIAA were integrated and quantified by the EZChrom Chromatography Data System (Scientific Software Inc., San Ramon, CA). The mobile phase was adjusted to allow for the separation and quantification of DA, DOPAC, HVA, and HIAA in a single run.
Self-Administration
A total of 18 Plexiglas custom-made operant boxes (Concordia University, Montreal, QC) were used for this experiment and each was enclosed in a sound-attenuating plywood chamber. Each operant box had four levers (Med Associates, Lafayette, IN) located 10 cm above the floor of the box: two retractable ('active') and two stationary ('inactive'). One of each type was located on opposite walls of the chamber, 10 cm apart from each other. The retractable levers were connected to an infusion pump for the delivery of drugs (Razel Scientific Instruments, Stamford, CT) positioned outside the sound-insulating chamber. The stationary levers served to control for baseline, nonreinforced, operant behavior; depression of this lever had no consequences, but all presses were recorded. There were two white light stimuli (one constant light and one flashing) 3 cm above each active lever that came on for 30 s at the beginning of the session, and for the duration of each drug infusion, thus serving as a discrete conditioned stimuli (CS) for drug delivery. Throughout the experiment, each selfadministration session was started by the illumination of a red house light that remained on for the duration of the session. Each self-administration chamber was fitted to deliver constant-current, intermittent, inescapable, electric footshock through a scrambler to the grid floor (Med Associates, Lafayette, IN).
Drugs
Heroin (diacetylmorphine HCl) was purchased from Almat Pharmachem Inc. (Concord, ON), cocaine (cocaine HCl) from Medisca Pharmaceutique (Montreal, QC), and buprenorphine HCl from Reckitt Benckiser Healthcare Limited (Hull, UK).
The doses used for the self-administration experiment (heroin, 0.05 mg/kg/inf; cocaine, 0.5 mg/kg/inf) were chosen on the basis of previous research in this laboratory showing that these doses will produce similar levels of responding under extinction conditions when animals are trained to self-administer both drugs (Leri and Stewart, 2001 ). Furthermore, Leri et al (2004) used these doses in a similar study to test the efficacy of methadone on spontaneous and drug-and stress-induced reinstatement of heroin and cocaine seeking allowing for comparisons between the studies of the two opioid addiction treatment drugs. The high dose of buprenorphine used in this experiment (3.0 mg/kg/day; BUP3) was chosen because it is the highest dose able to be put into solution without the addition of alcohols and because high doses of buprenorphine are well tolerated (Walsh et al, 1994) .
PROCEDURES Locomotor Activity
At 1 week after arrival in the colony, 31 rats were placed in the activity chambers in order to habituate to the chambers and provide a measure of baseline locomotion that was utilized to match the experimental groups. On each day of testing, the rats were placed in the chambers in a darkened room and the photocells were activated. The computer started the 120-min session as soon as the rats were in the chambers. For each chamber, the total number of horizontal infrared beam breaks provided the measure of horizontal locomotion. Once the groups were matched on the basis of the locomotion scores, osmotic minipumps were implanted, creating three buprenorphine treatment groups (0 mg/kg/ day (BUP0), 1.5 mg/kg/day (BUP1.5), and 3.0 mg/kg/day (BUP3)). At 3 days after surgery (day 3), rats were given saline injections and returned to the locomotor chambers (saline test) for the 120-min test. On days 7 and 10, the rats received heroin (0.25 mg/kg, s.c.) and cocaine (20 mg/kg, i.p.) injections in a counterbalanced fashion such that every rat received both drugs, but half the rats in each group received heroin first (heroin test), and the other half received cocaine (cocaine test).
Microdialysis
Different groups of rats (n ¼ 58) were used for the microdialysis experiments. At 3 days before the studies were initiated, osmotic minipumps were implanted, creating three treatment groups (0 mg/kg/day (BUP0), 1.5 mg/kg/day (BUP1.5), and 3.0 mg/kg/day (BUP3)). In the late afternoon of day 3 after minipump implantation, microdialysis probes were inserted into the guide cannula of four rats (at least one from each group) and dialysate was infused at a rate of 0.3 ml/min overnight. Dialysate sampling and activity monitoring began the next morning. The dialysate flow rate was increased to 0.7 ml/min, and baseline dialysate samples (approximately 14 ml) were collected every 20 min and analyzed immediately. Dialysate samples from individual rats were analyzed consistently using one of the two HPLC-EC systems and the assignment of the animals to each system was counterbalanced across all treatment conditions. Once stable baseline levels of DA and its metabolites (DOPAC and HVA) were attained (less than 10% variation in three consecutive samples), the rats were injected with one of three doses of heroin (0.125, 0.25, or 0.375 mg/kg, s.c.) or cocaine (10, 20, or 30 mg/kg, i.p.) and samples were collected at 20-min intervals for 140 min. On the following day, the identical protocol was used and each rat received an injection of one of the doses of the other drug, such that each rat was given one dose of heroin and one of cocaine. The order of the drug administration was counterbalanced within the groups. Food was removed from the chambers before sampling, but a water-drinking tube was available throughout.
Postmortem tissue analysis. Following the two test days, the rats were perfused intracardially with saline and formaldehyde (formalin 10% V/V, Anachemia, Montreal, QC) before having their brains removed. In order to identify the placements of the cannula tract and probes, horizontal frozen sections were taken using a cryostat, mounted, and stained with cresyl violet.
Self-Administration
An additional eighteen rats were trained to self-administer both heroin (0.05 mg/kg/inf) and cocaine (0.5 mg/kg/inf) in the same chambers on alternate days in a counterbalanced fashion, such that some rats had access to cocaine first and others heroin first. Each drug was paired with a distinct lever and light pattern as outlined above such that one 'active' and one 'inactive' lever were in use each day. Half of the rats had heroin paired with the right lever (constant light) and cocaine paired with the left lever (flashing light).
Training. Rats were given access to drugs for a total of 16 3-h self-administration sessions, eight sessions with each drug on alternate days. The sessions were conducted once per day with two groups of rats commencing their sessions at 0800 and 1100 h, respectively. Each rat had access to a specific chamber and had access at the same time each day. For each self-administration session, the rats were transported from the colony to the experimental room and placed in the operant chambers. Each rat had its protective cap and blocker removed and was connected to the drug infusion tubing with a protective spring sleeve screwed to the cannula mounted on the skull. This functioned to protect the tubing from the rat and to secure the tubing to the cannula. Once the rats were secured in their respective chambers, there was a 5-min time-out period that allowed the rats to acclimate to the chambers.
Following the 5-min period, the red house light was turned on and remained on for the duration of the session. After 10 s, the retractable lever was extended and the cue light was activated for 30 s. This light remained on for 30 s unless a response was made; if there was a response, it stayed on for the duration of the 10-s drug infusion. A fixed ratio 1 (FR1) schedule of reinforcement was used such that the first active lever press resulted in a 10-s drug infusion (approximately 64 ml). During the infusion, presses on the active lever had no additional consequence, but were recorded, as were presses on the inactive lever. Following the 180-min session, the active lever was retracted and the house light was extinguished.
Surgery. Following the last self-administration day (day 16), all rats were prepared for surgery as outlined above. The rats in the buprenorphine (BUP3) experimental group had pumps implanted s.c., and those in the control group (BUP0) had sham surgery performed but no pump implanted. After surgery, rats were returned to their home cages and allowed 24 h to recover. This was thought to be enough time to recover and allowed an evaluation of the immediate effects of the chronic buprenorphine treatment on spontaneous heroin and cocaine seeking during extinction.
Extinction. The next day, rats were brought back to the selfadministration boxes and connected as before. On the first day of extinction, the procedure was identical to that used in the self-administration sessions, with the exception that both the heroin and cocaine levers were present and no drugs were available during the 3-h session. During the 6 days of extinction, a depression of either of the two retractable levers resulted in the appropriate cue light and the activation of the pump for 10 s. In each case, an empty syringe was connected to the tubing to seal the system, but was not placed in the syringe pump.
Drug-induced reinstatement. On the seventh day, rats were placed into the self-administration boxes for another extinction session lasting only 1 h. If the extinction criterion was met in the first hour (less than 15 active lever presses), the session was terminated and the first reinstatement session was initiated. When more than 15 responses were made on either active lever, another 1-h extinction session was started 15 min following the termination of the previous session until extinction criterion was achieved for each rat. For the drug-induced reinstatement, half of the rats received an injection of heroin (0.25 mg/kg, s.c.), and the other half received an injection of cocaine (20 mg/kg, i.p.) 15 min before returning to the self-administration boxes. These doses were chosen on the basis of previous work in this laboratory, demonstrating that these doses are effective at reinstating heroin and cocaine seeking to similar levels in rats trained to self-administer both drugs (Leri and Stewart, 2001; Leri et al, 2004) . Once the rats were returned to the chambers, following a 15-min timeout period, the session began as each previous extinction session with the house light illuminated for 10 s before the extension of the two retractable levers and the activation of both cue lights for 30 s. As in previous sessions, the number of active responses on both levers was recorded as well as the number of inactive lever responses. Following the reinstatement session, rats were returned to their home cages.
The next day, the rats were given a 3-h extinction session to extinguish any residual responding before the next reinstatement session. On the next day, rats were given another 1-h extinction session to determine whether the extinction criterion had been met. If so, the next reinstatement session was started and, if not, another 1-h extinction session was given until the criterion was met. On the second reinstatement session, the rats received the drug that they had not received on the first reinstatement session.
Footshock stress-induced reinstatement. On the day after the last drug test, rats were returned to the self-administration boxes for a 3-h extinction session. The final day of testing began with a 1-h extinction session to determine whether the extinction criterion had been met. Once this was attained, the rats were exposed to 15 min of intermittent, inescapable, footshock stress in the self-administration boxes (0.8 mA, 0.5 s/shock, 40 s mean OFF time). A pilot study showed these to be the optimal intensity and duration of exposure to footshock stress for reinstatement in rats trained to self-administer cocaine; in addition, these parameters had been used in previous studies in this laboratory (Leri et al, 2002 (Leri et al, , 2004 . Following the shock exposure, the 3-h session began with the illumination of the red house light for 10 s prior to extension of the two retractable levers and the activation of the cue lights for 30 s.
Statistical analyses. Data from each of the experiments were analyzed using ANOVAs for treatment groups by time, as appropriate. Post hoc comparisons between means were made using Fisher's LSD test (po0.05). Figure 1 shows the mean total activity levels of the three buprenorphine treatment groups on each of the test days. An ANOVA conducted on the 2-h activity scores revealed a significant main effect of group (F(2,28) ¼ 3.41, po0.05) and test (F(4,112) ¼ 80.78, po0.0001) and a group by test interaction (F(8,112) ¼ 4.22, po0.0001). This group by test interaction reflects the fact that rats treated with buprenorphine, BUP1.5, and BUP3 had higher scores than the BUP0 only on the saline and cocaine tests; the response to heroin was unaffected by buprenorphine. We next examined the locomotor activity in 20-min intervals across the 2-h session and noted that the differences between groups remained stable across time (data not shown). Separate ANOVAs were carried out for each of the three tests, and in each case the group by time interactions were not significant (saline: F(10,140) ¼ 1.542, p ¼ 0.131; heroin: F(10,140) ¼ 0.374, p ¼ 0.956; cocaine: F(10,140) ¼ 0.814, p ¼ 0.615).
RESULTS
Locomotor Activity
It can also be noted that, in the initial test given before pump implantation, there was no significant main effect of group (F(2,28) ¼ 0.15, p ¼ 0.86), showing that the groups were matched for their basal activity scores. The effect of chronic buprenorphine on activity can be seen on the saline test given after implantation of the pumps. Though not significant, there was a tendency for the buprenorphine groups to be more active (F(2,28) ¼ 2.77, p ¼ 0.08) (Figure 1 ).
Microdialysis
The effect of acute administration of heroin on extracellular levels of DA in the NAc in buprenorphine-maintained rats is shown in Figure 2 . It can be seen that the response to all doses of heroin was suppressed in buprenorphine-maintained rats. An ANOVA comparing the groups at each dose of heroin revealed significant main effects of group (F(2,41) ¼ 6.607, po0.01), heroin dose (F(2,41) ¼ 5.940, po0.01), and time (F(5,205) ¼ 7.191, po0.0001) , and a heroin dose by time interaction (F(10,205) ¼ 2.186, po0.05). Separate ANOVAs were carried out on the postinjection samples (20-120 min) for each dose of heroin. At the lowest dose of heroin (0.125 mg/kg, s.c.), there was no significant effect of buprenorphine treatment (Figure 2a) . At the intermediate dose of heroin (0.250 mg/kg, s.c.), however, buprenorphine treatment suppressed the levels of DA (see Figure 2b) . The ANOVA carried out on the postinjection samples revealed significant effects of group (F(2,13) ¼ 6.125, po0.05) and time (F(5,65) ¼ 3.840, po0.005). Post hoc comparisons indicated that the BUP0 group differed significantly from both the BUP1.5 and BUP3 groups. Similar effects were seen at the highest dose of heroin (0.375 mg/kg, s.c.); the ANOVA revealed significant group (F(2,15) ¼ 3.583, p ¼ 0.05) and time (F(5,75) ¼ 4.952, po0.001) effects. Once again the post hoc comparisons showed that the BUP0 group had significantly higher levels of DA than either the BUP1.5 or the BUP3 buprenorphine treatment groups (see Figure 2c ).
The effects of buprenorphine treatment on the effects of acute cocaine injections are illustrated in Figure 3 . It can be seen that the extracellular DA response in the NAc to cocaine was potentiated in buprenorphine-maintained rats. An overall ANOVA was carried out to examine the effects of each dose of cocaine in each of the buprenorphinetreated groups. This ANOVA revealed significant group (F(2,44) ¼ 5.532, po0.01) and cocaine dose (F(2,44) ¼ 11.296, po0.001) effects, and group by cocaine dose (F(4,44) ¼ 2.874, po0.05) and group by cocaine dose by time (F(20,220) ¼ 1.606, po0.05) interactions. Separate ANOVAs were then carried out on the data from each dose Figure 1 Mean (SEM) locomotor activity counts in buprenorphine treatment groups (BUP0, n ¼ 10; BUP1.5, n ¼ 10; BUP3, n ¼ 11) before implantation of minipumps (baseline), and in response to saline (day 4), heroin (0.25 mg/kg, s.c., day 7-10), and cocaine (20 mg/kg, i.p., day 7-10) injections during buprenorphine maintenance. of cocaine. No group differences were found at the lowest dose of cocaine (10 mg/kg, i.p.), though there was a significant effect of time (F(5,65) ¼ 8.652, po0.001) (Figure 3a) . At the intermediate dose of cocaine (20 mg/ kg, i.p.), buprenorphine enhanced DA overflow; there were significant effects of group (F(2,14) ¼ 4.739, po0.05) and time (5,70) ¼ 20.175, po0.001) and a time by group interaction (F(10,70) ¼ 2.964, po0.01). Post hoc analyses showed that the BUP0 group had significantly lower scores than both the BUP1.5 and BUP3 buprenorphine treatment groups (see Figure 3b) . Similar effects were seen at the highest dose of cocaine (30 mg/kg, i.p.); as shown in Figure 3c , buprenorphine augmented the effects of cocaine on NAc DA. The ANOVA revealed a significant effect of time (F(5,85) ¼ 2.731, po0.001), group effect (p ¼ 0.07); the BUP0 group differed significantly from both the BUP3 and BUP1.5 groups.
Inspection of microdialysis probe placements in animals in all of the groups revealed considerable variability resulting in variations in basal NAc DA levels. In order to determine whether buprenorphine affected basal levels of DA, we examined the actual levels in each of the treatment groups comparing only those animals with nearly identical placements within the NAc core and shell at three points anterior to Bregma ( þ 1.2, 1.6, and 1.7 mm). Some animals were eliminated from the analysis at each distance from Bregma due to the fact that the placement of the probe was either lateral, medial, or dorsal from the majority. It can be seen from Figure 4 that at each distance from Bregma there was a clear tendency for BUP1.5 and BUP3 groups to have higher levels of DA than BUP0 over the four samples. The ANOVA carried out on the data from each time point at each distance from Bregma revealed only a trend towards a group effect (F(2,36) ¼ 17.744, p ¼ 0.11).
Taken together, irrespective of location from Bregma, there were no significant main effects, though there was a trend towards a group effect. Though unwarranted, post hoc comparisons revealed that, across each location, basal NAc DA levels in BUP3 rats were significantly higher than BUP0 rats (po0.05) (see Figure 4) . Microdialysis probe placements for all rats are shown in Figure 5 .
Self-Administration
Training. Rats developed reliable heroin and cocaine selfadministration during the eight training sessions with each drug. On the final three days of heroin self-administration, the mean number of responses on the two levers (active7sem vs inactive7SEM) were 32.00720.11 vs 0.7270.29, 17.3975.66 vs 0.7870.26, and 13.9472.26 vs 1.0670.34. The number of responses on the cocaine levers (active7SEM vs inactive7SEM) on the last three days of training were: 47.28715.28 vs 3.5071.67, 57.78720.05 vs 4.1771.67, and 31.5074.746 vs 3.1771.40. These results show clearly that rats responded preferentially on the drugassociated levers. Rats were subsequently assigned to treatment groups matched on the basis of scores during training, at which time pumps were implanted into the BUP3 group only (n ¼ 10), while the remaining eight rats received sham surgery (BUP0 group). The animals were returned to their home cages following surgery and extinction training began the next day.
Extinction. Buprenorphine treatment reduced drug seeking during extinction in these rats previously trained to selfadminister both heroin and cocaine. It can be seen in Figure 6 that, when both the heroin-and cocaine-associated levers were present, responding on both levers was reduced over the first three extinction sessions in the BUP3 group compared to that in the BUP0 group. An ANOVA on data from the heroin-associated lever (Figure 6a ) revealed significant effects of group (F(1,16) ¼ 11.11, po0 .005) and Figure 3 Mean percent increase in extracellular DA in the nucleus accumbens in response to acute injections of cocaine (day 4 or 5) in the buprenorphine treatment groups (BUP0, BUP1.5, and BUP3). (a) 10 mg/kg, i.p., cocaine (BUP0, n ¼ 4; BUP1.5, n ¼ 6; BUP3, n ¼ 7). (b) 20 mg/kg, i.p., cocaine (BUP0, n ¼ 6; BUP1.5, n ¼ 7; BUP3, n ¼ 7). (c) 30 mg/kg, i.p., cocaine (BUP0, n ¼ 5; BUP1.5, n ¼ 7; BUP3, n ¼ 6). *Significant group effects following cocaine injection, po0.05. Arrow indicates when the injection was given. All groups received only one dose of heroin and one of cocaine in a counterbalanced order. Reinstatement. Three tests for reinstatement were conducted following the extinction sessions: a heroin, a cocaine, and a footshock test. During these tests, both the heroin and cocaine levers were present, but pressing led only to the onset of the drug-associated cues. An overall ANOVA for group Â test was carried out on the data from both drug-associated levers. In both the heroin and cocaine tests for reinstatement (in the BUP0 group), responding was lever selective as previously reported in such test (Leri and Stewart, 2001; Leri et al, 2004) ; rats responded more on the heroin-associated lever after a heroin injection and more on the cocaine-associated lever after an injection of cocaine; in the test for footshockinduced reinstatement, responding on the two levers did not differ. The ANOVA revealed significant group Â test (F(2,32) ¼ 4.083, po0.05), lever Â test (F(2,32) ¼ 36.744, po0.001) and group Â lever Â test (F(2,32) ¼ 24.328, po0.001) interactions. As shown in Figure 7a and b, and supported by post hoc analysis, buprenorphine suppressed responding after both heroin and cocaine priming injections on the lever associated with the priming drug. There was no effect of buprenorphine on the test with footshock stress. Figure 4 Mean (SEM) basal DA level (pg/10 ml) in four consecutive 20-min samples during in vivo microdialysis at (a) þ 1.2 mm from Bregma (BUP0, n ¼ 2; BUP1.5, n ¼ 3; BUP3, n ¼ 4), (b) þ 1.6 mm from Bregma (BUP0, n ¼ 3; BUP1.5, n ¼ 6; BUP3, n ¼ 3), and (c) þ 1.7 mm from Bregma (BUP0, n ¼ 8; BUP1.5, n ¼ 6; BUP3, n ¼ 4) for each buprenorphine treatment group. 
DISCUSSION
The primary findings of this study are that chronic maintenance on buprenorphine significantly reduces drug seeking during extinction in the presence of drug-associated cues and reduces reinstatement of drug seeking in response to both heroin and cocaine, but has no effect on reinstatement induced by footshock stress. Interestingly, these findings parallel those recently reported from this laboratory on the effects of methadone maintenance via minipump (Leri et al, 2004) and suggest that maintenance on buprenorphine has the potential to reduce both heroin and cocaine seeking. These data cannot be explained by a suppression of general activity by buprenorphine; in fact, rats maintained on buprenorphine had slightly higher basal levels of activity than rats without buprenorphine. In this regard, it is interesting that the buprenorphine-maintained rats also had higher basal levels of DA in the NAc, suggesting that chronic low-level activation of DAergic function might play a role in suppression of drug seeking, but in our view this, in itself, seems an unlikely explanation. However, because of these findings on the effects of buprenorphine on basal levels of DA in the NAc and because the effects of buprenorphine paralleled so closely the effects seen previously with methadone in our studies (Leri et al, 2004) , we carried out a subsequent study on the effects of methadone delivered by osmotic minipump on basal levels of DA. Interestingly, the effect of methadone was similar to that of buprenorphine; 30.0 and 40.0 mg/kg/ day methadone yielded mean basal levels of 7.5 and 7.6 pg/ 10 ml, respectively, compared to 4.5 pg/10 ml for the control group. (Note that the overall levels of basal DA in this experiment were higher than in the buprenorphine study, probably as a result of more dorsal placements of the dialysis probes.) Even if the higher basal levels of DA in the NAc were contributing to the reduced effectiveness of drug-related cues in extinction conditions, it is not easy to relate the findings on suppression of drug-induced reinstatement by buprenorphine to the effects of buprenorphine on the acute DAergic response to heroin and cocaine. Buprenorphine attenuated the extracellular levels of DA in the NAc in response to heroin, but potentiated the DA response to cocaine. Furthermore, chronic buprenorphine had no effect on heroin-induced locomotor activity, but significantly elevated cocaine-induced activity, as previously reported with acute buprenorphine (Smith et al, 2003) . It can be noted that significant differences were never found between the doses of buprenorphine used. This may be due to the finding of Greenwald et al (2003) that a dose of 16 mg results in 8072% mu opioid receptor occupancy, whereas twice this dose (32 mg) results in only 8472% occupation.
Buprenorphine is a partial mu opioid agonist with antagonistic properties at the kappa and delta opioid receptors. It is characterized primarily by its actions at the mu receptor and its therapeutic effects are attributed to its high affinity and slow dissociation (Tzschentke, 2002) . Buprenorphine, like morphine, is thought to exert its effects in the brain by activation of mu opioid receptors located on GABA interneurons in the ventral tegmental area (VTA) (Devine et al, 1993; Garzon and Pickel, 2001) . Chronic administration of buprenorphine would maintain continuous activation of opioid receptors, thus causing chronic elevation of DA levels within the mesolimbic system (see Figure 4 ), unless tolerance were developing. The finding that chronic buprenorphine maintenance (3.0 mg/kg/day) reduced heroin-induced reinstatement of drug responding is consistent with the findings from microdialysis and what could be predicted from the pharmacokinetics of the two drugs. The high affinity for, and the slow dissociation from, the mu opioid receptor would make buprenorphine somewhat of a 'sticky' drug that would not be readily displaced by heroin. However, buprenorphine (BUP1.5 and BUP3) did not block the stimulatory effect of the acute injection of heroin, and only attenuated the accompanying rise in extracellular DA in the NAc, suggesting that tolerance had not developed.
Despite the fact that buprenorphine reduced cocaineinduced reinstatement, there was a clear potentiation of the locomotor effect of an acute injection of cocaine. Additionally, a significant increase in extracellular DA levels following cocaine was observed in the buprenorphinetreated rats. This effect was not surprising; synergistic effects between opiates and stimulants have been found in many situations including place conditioning (Brown et al, 1991) , locomotion (Smith et al, 2003) , conditioned reward (Cunningham and Kelley, 1992a, b) , rotational behavior in rats with lesions of the substantia nigra (Kimmel et al, 1997) , and drug toxicity (Plunkett et al, 1989) . Therefore, it remains somewhat puzzling that buprenorphine (3.0 mg/kg/ day) reduced cocaine-induced reinstatement of drug seeking over the full 3-h session, while potentiating the rise in extracellular DA levels and the accompanying rise in locomotion. One explanation might have been that the combination of buprenorphine and cocaine and the accompanying high levels of DA were experienced as a very high dose of cocaine, making it likely that responding (cocaine seeking) would be low initially, but persist as the effects of the drug diminished. The fact that this is not what was observed suggests that the effect of buprenorphine was to reduce drug seeking directly and, as in the case of extinction, the salience or effectiveness of the drug-related cues.
Although buprenorphine treatment (3.0 mg/kg/day) was effective at reducing spontaneous and drug-induced reinstatement of responding for both heroin and cocaine, it was ineffective at reducing responding following footshock stress. This finding is consistent with previous research from this lab demonstrating that neither heroin nor methadone (Leri et al, 2004) maintenance, nor other opiate antagonists , are effective at reducing footshock stress-induced reinstatement. Once again, this is evidence for a dissociation between the systems underlying drug-and stress-induced responding (for reviews, see Stewart, 2000 Stewart, , 2003 . As mentioned previously, the constellation of findings seen here in rats given buprenorphine chronically via osmotic minipumps resembles closely that found in similar experiments from this laboratory in rats treated chronically with methadone (Leri et al, 2004) . Methadone significantly reduced extinction responding in rats trained to selfadminister both heroin and cocaine, and reduced reinstatement of lever-pressing after priming injections of heroin and cocaine selectively on the heroin-and cocaineassociated levers, without affecting reinstatement induced by footshock stress. Furthermore, these effects were found in spite of the fact that methadone slightly enhanced spontaneous locomotor activity and did not suppress the effects of cocaine on locomotion. Taken together, these findings suggest that chronic treatment with relatively high doses of drugs such as buprenorphine and methadone, both of which have been found to have beneficial effects in the treatment of opioid addiction, have the capacity to suppress the effectiveness of drug-related cues (as in extinction conditions) and to reduce drug seeking induced by both opioid and stimulant drugs.
Finally, although it has been shown that both buprenorphine and methadone are effective in reducing spontaneous and drug-induced reinstatement of heroin and cocaine seeking, we have yet to determine the mechanisms whereby they act. To date, we have searched for a relation between their effects on drug seeking and their effects on DAergic activity. Both drugs enhance basal levels of DA within the NAc, do not suppress cocaine induced locomotor activity, and, in the case of buprenorphine at least, enhance the DAergic response to cocaine. Thus, it seems clear that in the presence of buprenorphine enhanced dopaminergic activity in the NAc is not sufficient to induce drug seeking. Recent studies suggest that the actions of glutamate in the NAc are critical for the induction of cocaine seeking by priming injections of cocaine in otherwise drug-free rats. Furthermore, there is evidence that it is a projection from the medial prefrontal cortex that is involved (Capriles et al, 2003; Kalivas, 2004; McFarland et al, 2003) . Interestingly, in this context, it has been shown in slices taken from rats chronically treated with morphine that NMDA activity and, possibly, glutamate release in the NAc core are significantly decreased . Thus, it may prove interesting to study the effects of buprenorphine
